NASA CONTRACTOR
REPORT

NASA CR-1445

I,OAN COPY: RETURN TO

AFWL (WLOL)
KIRTLAND AFB, N MEX

EMPIRICALLY DETERMINED WIND
AND SCALE EFFECTS ON HOT GAS
RECIRCULATION CHARACTERISTICS
OF JET V/STOL AIRCRAFT

by Patrick E. Ryan and Wayne J. Cosgrove

Prepared by

BELL AEROSYSTEMS COMPANY
Buffalo, N. Y.

for Langley Research Center

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION « WASHINGTON, D. C. ~ OCTOBER 1969

AT

WN ‘g4vM AHVHEIT HO3L



NASA CR-1445
TECH LIBRARY KAFB, NM

(AR

0060673

EMPIRICALLY DETERMINED WIND AND SCALE EFFECTS
ON HOT GAS RECIRCULATION CHARACTERISTICS

OF JET V/STOL AIRCRAFT

By Patrick E. Ryan and Wayne J. Cosgrove

Distribution of this report is provided in the interest of
information exchange. Responsibility for the contents
resides in the author or organization that prepared it.

Issued by Originator as Report No. 2099-956005

Prepared under Contract No. NAS 1-7463 by
BELL AEROSYSTEMS COMPANY
Buffalo, N.Y.

for Langley Research Center

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

For sale by the Clearinrghousc for Federal Scientific and Technical Information
Springfield, Virginia 22151 — CFSTI price $3.00






ABSTRACT

The results from a small scale experimental investigation into the engine inlet
temperature rise and recirculating flow field caused by the hot exhaust gases from
various simulated V/STOL lift jet engine arrangements in static proximity to ground
are presented in this report.

The objective was to evaluate the effect of wind and geometric model scale on
the recirculating flow field and engine inlet air temperature rise. The effect of engine
height, exhaust deflection angle, angle of attack, exhaust nozzle geometry, relative wind
speed and direction, and wing planform are included.

The tests were conducted at the Bell Aerosystems Jet Impingement Test Facility

which provided simulated inlet and exhaust conditions typical of full scale turbojet
engines.
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EMPIRICALLY DETERMINED WIND AND SCALE EFFECTS
ON HOT GAS RECIRCULATION CHARACTERISTICS
OF JET V/STOL AIRCRAFT

By Patrick E. Ryan and Wayne J. Cosgrove
Bell Aerosystems Company

SUMMARY

Small scale tests were conducted at the Bell Aerosystems Jet Impingement Test
Facility during 1968 to investigate the Inlet Temperature Rise (ITR) and hot gas recir-
culation of three basic configurations representative of jet V/STOL aircraft. This
program was sponsored by the National Aeronautics and Space Administration's Langley
Research Center under Contract NAS1-7463.

Small scale lift jet engine models (approximately 1/16) and a small scale model
(0.24) of a2 NASA jet V/STOL aircraft model were operated at full scale exhaust condi-
tions (1200°F, and exhaust total pressure ratio from 1.7 to 2.0) so as to maintain
exhaust momentum similitude. The major test parameters included wind speed (V)
and direction ( 8 )}, model height above ground (h/ D) exhaust deflection angle (EDA),
angle of attack (0¢ ), wing planform to jet exhaust area ratio (S/SJ-), and model geometry.

Temperature time histories measured in and about the models were used to
compute steady state values of ITR and near field temperatures. Smoke flow pattern
photographs, tufts, and ground flow patterns were used to evaluate recirculation patterns.

Ground winds were found to distort the recirculation of hot gases such as to result
in maximum ingestion at approximately 30 fps. Wind direction attenuated ITR as did
the presence of wings and exhaust deflection angles. Insight was gained into the structure
and distortion of the flow field as affected by wind.

Small scale ITR data based on full scale exhaust conditions may be used to
reliably assess full scale gross design effects on ITR.



INTRODUCTION

One of the most critical problems unique to jet V/STOL aircraft when operating
near the ground is hot gas ingestion or inlet temperature rise (ITR). This ingestion
of heated air into the lift engine inlets can result in a severe loss in engine thrust, such
as to prevent takeoff or cause a hard landing.

Several investigations have been conducted at both large and small scale (Reference
1 through 9) and much insight has been gained; however, many important questions still
remain unanswered. Two of these are: (1) What is the effect of ground wind on ITR?
and (2) Is there an ITR scale effect associated with geometric model scale ?

The first question is significant because winds can result in either an increase
or decrease in ITR. Proper ground wind heading of a jet VTOL aircraft during take-
off or landing could mean the difference between an aborted or successful mission.

The second question is economically important. If small scale test data is found
reliable, then the necessary future experimental investigations may be more economi-
cally accomplished through the use of more versatile models and test facilities.

These two questions were experimentally investigated during the course of this
program and the results are presented in this report. The tests were conducted out-
doors at the Bell Aerosystems Jet Impingement Test Facility. Small scale lift jet
engine models used in the Reference 2 tests and a specially constructed (0.24) scale
model of the jet V/STOL aircraft model used in Reference 3 were used during this
program. The major test parameters included wind speed and direction, model height
above ground, exhaust deflection angle, angle of attack, wing planform to total jet
exhaust area ratio, and model geometry.

Appendix A presents a theoretical derivation of hot gas recirculation scaling
parameters based on a dimensional analysis. This analysis, made by V. Krishnamoorthy
of Bell Aerosystems, is presented in this report in the interest of information exchange
and to provide further insight into the complexities inherent in hot gas ingestion scaling.



EDA

ITR

SYMBOL LIST
nozzle exit diameter, in. (m)

nozzle effective diameter (diameter of circle whose area is equal
to the sum of the areas of all the individual nozzles), in. (m)

outward exhaust deflection angle, deg (measured from the vertical).
height above ground plane, in. (m)

inlet temperature rise above ambient, °F.

Mach number

pressure, psf (N/m?)

dynamic pressure, psf (N/m?2)

ground jet peeling radius of curvature, ft. (m)

radial distance along ground plane from exhaust pattern
center, ft. (m)

wing planform area, in.2 (m?2)

total exhaust area at nozzle exit, in.2 (m2)
time, seconds

Temperature, °F

temperature difference above ambient, °F
temperature ratio —(T—Ta_m b)/ (Tex_Tamb)
thermocouple

wind speed, fps (m/sec)

velocity ratio, V/ Vj

mass flow rate, Ibm/sec (kg/sec)
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amb
bar

ex

in

distance along longitudinal axis of jet, in. (m)

engine spacing - distance between engine centerlines at EDA
pivot point, in. (m)

angle of attack, deg.

jet exhaust impingement angle, deg (measured from the vertical)
ratio of specific heats

wind azimuth angle, deg.

density, slug/ft3 (kg/m3)

full scale wind azimuth angle, deg. (')(—= -6)

Subscripts

ambient condition
barometric

exit condition
inlet condition
jet nozzle exit condition

condition along jet longitudinal axis
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TEST FACILITY, MODELS, AND APPARATUS

Jet Impingement Test Facility

A recent photograph of the outdoor Jet Impingement Test Facility is presented in
Figure 1. The facility provides variable hot exhaust gas flows typical of conventional
jet engine exhaust temperatures and pressures. Simulated engine inlet flows are in-
duced by a vacuum producing steam ejector system. Facility controls and instrumen-
tation readouts are located in the adjacent Aerodynamics Laboratory.

Filtered air and JP-4 fuel are metered to combustors in the test area. The
combustor cans and the vacuum supply lines are mounted on an overhead track assembly
which permits one combination to be positioned relative to the other. This feature
provides a means for easily changing the separation distance between the simulated
engines in the model. The burner exhaust flow is ducted through relatively short insu-
lated pipes to the exhaust chambers in the model. Scaled flows at typical jet engine
exhaust temperatures up to 1700°F can be produced. The desired exhaust conditions
(pressure ratio and temperature) are controlled by simultaneous adjustments of the
fuel and air supply. During these tests a nominal exhaust flow rate of from 2.0 to 2.3
1b/sec was maintained.

Model engine inlet flow induced by the steam jet ejector system may be controlled
to equal the hot gas exhaust flow rate.

The facility ground plane is rectangular, smooth and level to a minimum radial
distance of 13 ft (approximately 49 equivalent diameters). A large (42 in. by 12 in.)
quick acting hydraulically operated trap door is located in the ground plane directly
beneath the model. The trap door opens to ducting beneath the ground plane which
carries the hot jet exhaust gases away from the test site prior to test start. This
minimizes preheating of the surrounding ground plane and model during the pretest
engine setup conditions, and provides an exact reference point for test start time.

The hinged roof of the test faéility is raised to eliminate any trapping of hot gases
in the test area during test operations. During inclement weather, the roof is closed
to protect the test area and equipment.

The model support and model flow systems are supported from above by a single,
high pressure hydraulic actuator. This provides unobstructed space around the model
and permits vertical positioning of the model to be remotely controlled from the control
panel in the Aerodynamics Laboratory. A manually operated mechanism permits setting
the model at any desired angle of attack up to approximately 15 degrees.



Pod (circ) and Dual (circ) Models

The Pod (circ) and Dual (circ) Models described in detail in Reference 2, were
used during the first phase of this test program to simulate wing tip mounted and iso-
lated lift jet engines. Similar fabrication and installation techniques were employed for
both models. Each incorporated separate closed systems to simulate inlets and exhausts
of turbojet engines. Insulation was provided between these systems to minimize heat
transfer. Cowlings were fitted about the engines to provide a smooth, external flow
surface for the simulated turbojet engines. Insulation was also provided in the space
between the model hardware and the cowling.

Turning vanes which were necessary to obtain the desired exhaust jet quality and
vertical jet flow were installed inside the exhaust chambers just upstream of the nozzle
exits. A set of interchangeable elbows were provided which could be installed in the
inlet and exhaust supply ducts near the engines to obtain outward exhaust deflection
angles of 10 and 20 deg. The scale of the models is 1/16, when based upon a represen-
tative V/STOL fighter airplane design with a gross weight of 35,000 lb, a wing loading
of 100 Ib/ft2, and a thrust-to-weight ratio of 1.15.

The models were designed to the following nominal conditions:

(a) Exhaust gas temperature = 1200°F
(b) Ratio of exhaust gas specific heats, X =1.33
(c) Total exhaust flow rate, ".Vex = 2.4 Ib/sec
(d) Exit Mach number, Mgy = 1.0
(e)  Total inlet flow rate, wj, = 2.4 lb/sec
_ (f) Inlet Mach number, Mj, = 0.3
(g) Inlet total temperature = 60°F
(h) Inlet total pressure = 14.4 psia
The design requirements resulted in total inlet and exhaust areas of 14.6 in.2 and

7.2 in.z, respectively. The exit total pressure ratio was held constant at 2.0 during the
ITR tests.

The Pod (circ) model, shown installed in the facility in the photograph of Figure 2,
is representative of a cluster of three vertically oriented lift engines in each of two
1ift engine pods. One engine pod is designated as engine No. 1 and the other as engine
No. 2. The simulated engines within each pod are designated as inlet A, B, and C.
Instead of the wing shown in the photograph, a larger wing (S/ Sj = 100) was used during
these tests. The lateral spacing of the engine pods was y/De = 8.6,



The model features individual suction tubes leading from each of the wooden bell-
mouth inlets (1.76 inches diameter each). These tubes are attached by a flange to a
single inlet suction pipe for each engine. The exhaust gases flow through a tapered
supply tube into the exhaust chamber, and thence through individual circular exhaust
nozzles each of which are 1.25 inches in diameter.

The dual (circ) model represents two separated turbojet engines and is shown
installed in the test facility above the open trap door in the photograph of Figure 3. The
cowling is removed to show the one-quarter inch slab of insulation between the hot ex-
haust chamber and the inlet chamber. The wooden bellmouth inlets (3.09 inches diameter),
the thermocouple leads, and the inlet and exhaust flow supply tubes are visible. The
distance between the engines was fixed and this space was devoid of obstructions so that
the hot exhaust gases could recirculate unimpeded to the engine inlets, thereby giving a
measure of the most severe ingestion possible for jet VTOL aircraft. Subsequently, a
rectangular wing (aspect ratio = 4.24) with planform to jet area ratio (S/SJ-)= 100 was
located in this space to determine gross effects of aircraft configuration on ITR. The
spacing of the dual (circ) engines was y/De = 10.0.

Scaled NASA Model

During the second phase of this test program, two basic configurations of a 1/4
scale model of the NASA model described in Reference 3 were uged. The high delta
wing configurations with planform to jet exit area ratios (S/S;) of 43 and 86 were simu-
lated for both the top inlet and forward facing side inlet configurations using the rec-
tangular exhaust nozzle arrangement. The inlet and exhaust flows were simulated using
one combustor can and the steam ejector system of the Jet Impingement Test Facility.
The exhaust total pressure ratio was held constant at 1.7 with exhaust gas temperature
equal to 1200°F. Figure 4 shows the top inlet configuration of the scaled NASA model
installed in the test facility. The exhaust gases were supplied individually to each of
the four 1.49 inch diameter convergent exhaust nozzles. The inlet line was similarly
divided such that inlet flows were induced individually through each of the four 1.92 inch
diameter bellmouth inlets of the top inlet configuration and each of the forward facing
side inlets.

Except for the unavoidable compromise at the aft end of the fuselage (see Figure 5),
external model surface scaling was closely maintained to provide a firm basis from
which ITR scale effects might be assessed.

Apparatus

Wind machine. - A wind machine with an 8 x 10 foot exit section was used to pro-
duce simulated ground wind velocities up to 55 fps. It was variously positioned in a 90
degree arc about the test facility ground plane to provide simulated ground winds at
various headings to the model.




Hot wire anemometer. - A commercially available hot wire anemometer or as
called by the manufacturer, "air velocity meter'", was used to measure wind transients.
The sensing element consisted of two thin platinum filaments 0.188 inches long oriented
at right angles to one another at the tip of the probe. Each is 0.0005 inches in diameter,
and the constant resistance ratio principle is used. This crossed wire technique per-
mitted a measure of both wind magnitude and direction. The probe was simply immersed
in the air stream, and a continuous accurate measurement of velocity was read directly
from a meter and permanently recorded on an oscillograph.

Visual aids. - Smoke, ground flow patterns, and tufts were used to assist in the
qualitative assessment of the recirculating flow fields. Two high speed (approximately
20 frames per second) 70 mm sequence cameras were used to photograph the smoke
paths. A portable smoke generating system was used to apply puffs or continuous streams
of smoke at any selected point in space about the model. The intensely white and very
dense smoke afforded an excellent meansof photographic coverage as well as visual
observation.

The longitudinal displacement of the NASA model exhaust nozzles due to thermal
expansion was measured by utilizing a surveyor's transit. It was also used in con-
junction with ground flow patterns, to determine the degree of vertical alignment of the
exhaust jets.

Auxiliary ground plane. - An auxiliary ground plane (visible in Figure 4) was
positioned above the fixed ground plane for use with the scaled NASA model. The
space between the ground planes (approx. 12 inches) permitted the boundary layer,
which was built up in the diffuser of the wind machine and along the fixed ground plane,
to pass underneath the auxiliary ground plane. The dimensions of this rectangular
ground plane (8 x 10 feet) simulated the ground plane size in Reference 3. The auxiliary
ground plane was positioned such to closely duplicate the boundary layer thickness
present during the large scale tests (Appendix B), and featured a manually operated
sliding trap door which, as in the fixed ground plane, provided a well defined test start
point.

Servo positioned exhaust gas probe. - A servo operated probe was used to
measure the temperature and pressure distribution in each of the exhaust jets of the
NASA model. The device consisted of total pressure and total temperature probes
connected to a hydraulic cylinder. An electrical potentiometer and servo valve system
were used to remotely control the probe position with respect to the exhaust nozzle.

INSTRUMENTATION

In general, the instrumentation consisted of 30 gage (AWG) bare bead iron-
constantan thermocouples to measure inlet and field temperature time histories, and
pressure and temperature probes to monitor internal model flow conditions. To sim-
plify data reduction an electrical circuit was connected to the inlet thermocouple



circuits such that the inlet thermocouples could be electrically averaged to provide a
representative value of inlet temperature rise for selected inlets. Most of the internal
model flow data were visually recorded from manometer banks, point recorders, or
gages. Oscillographs were employed to collect permanent time histories of all the inlet
and field temperature data, the wind conditions, and selected test condition pressures.

The relative wind speed was monitored by means of the hot wire anemometer and
recorded as a time history on an oscillograph. In addition, the average relative wind
speed for each test run was measured by means of a hand held rotary arm anemometer,

Pod (circ) and Dual (circ) Models

The Pod and Dual (circ) model instrumentation locations are indicated in Refer-
ence 2. Figures 6, 7, and 8 redefine the inlet and field thermocouple locations as well
as thermocouple identification numbers. The inlet thermocouples were located just
inside the wooden bellmouth inlets to measure temperatures which are considered to be
representative of those present at the first compressor stage in a full scale jet engine.
The bare bead thermocouple junctions were formed by using a eapacitance welder and
trimming the excess to a resulting bead size radius of approximately 0.015 in.

Figure 6 shows the five thermocouples located in each of the three inlets of
Engine No. 1 of the Pod (circ) model, as well as the thermocouples positioned on the
axis of each of the six inlet supply tubes. Figure 7 locates the eleven thermocouples
in each of the inlets of the Dual (circ) model. Each of these were electrically averaged
as were the five thermocouples in inlets A and B of the Pod (cire) model.

Five additional thermocouples were located in the field above the models as shown
in Figure 8. The tabulation included in Figure 8 indicates the variations in the relative
distances between the thermocouples and the engine inlets resulting from changes in EDA.
These data were recorded on an oscillograph and were used in analyzing the recirculation
flow paths.

Scaled NASA Model

The location of temperature and pressure probes used.to determine the internal
flow characteristics of both configurations of the scaled NASA model is shown in Fig-
ure 9. It is noted that only one burner can was used and that the probes used to monitor
the internal flow characteristics of the Pod (circ) and Dual (circ) models remained
operational,

The exhaust gas total temperature was sensed in the exhaust line to nozzle No. 3
and recorded on an oscillograph to provide continuous monitoring of exhaust conditions.
Total and static pressures were measured in each of the inlet and exhaust lines to
insure equal flows to each engine. The fotal and static pressures in the inlet and exit
lines of Engine No. 1 (assumed representative of all engines) were transduced and
permanently recorded along with the total pressure at the burner can.




Figures 10 and 11 show the locations of the inlet thermocouples for the top inlet
and forward facing side inlet configurations respectively. The inlet thermocouples were
positioned at the same locations as those in Reference 3, and the five thermocouples in
inlet 1 and 4 of the top inlet configuration were electrically averaged to assist in data
analysis. Similarly, the eight thermocouples in each of the forward facing side inlets
were electrically averaged.

Figure 12 shows the locations of field thermocouples used with the NASA model
configurations., Four thermocouples were mounted on the right wing (3 on the underside
of the wing root and 1 at the tip) to assist in determining near field recirculation paths.
Five additional thermocouples were located just outside the fuselage skin in the region
between the four exhaust nozzles to measure temperatures in the upward flowing
"fountain' of exhaust gases caused by the mutual impingement of the four exhaust plumes.

10




TESTS AND TEST TECHNIQUES

All tests were conducted outdoors at the Jet Impingement Test Facility during
times of day when the random wind speeds were less than 5 fps. The majority of data
was collected when the random wind speeds were less than 2 fps. Many runs were made
to check the model exhaust and internal flow characteristics, to assess the effect of
random wind, and to calibrate instrumentation and the various special apparatus. The
results of these tests are presented in Appendices B, C, D, and E.

The test objectives were to determine the effect of wind speed and direction on
ITR and the recirculation flow paths for variations in S/Sj, EDA,0{, and h/De. The
scaled NASA model was used to determine ITR scale effects as well as the effect of
wind on ITR and the flow field for variations in S/ Sj, h/Dg, and inlet location.

The test procedure, which was essentially the same for all models is outlined
below:

(1) The random wind speed was measured. Most of the tests were conducted
during the early morning hours to take advantage of the calm wind conditions. The
wind speeds were generally from zero to 2 fps and no tests were conducted when they
exceeded 5 fps.

(2) The trap door was opened and the simulated engines started.
(3) After two to three minutes, which was the time required to establish the
desired exhaust conditions and to heat the hardware to steady state, the steam ejector

was turned on and adjusted to give the desired inlet mass flow.

(4) The wind machine was started and throttled to the desired nominal wind
speed which was measured by a hand held rotary arm anemometer.

(5) A check was made of the test conditions.

(6) On signal, one of the test operators turned on the oscillographs, and the
trap door was closed one to three seconds later (test start).

(7) After 16 to 20 seconds, the trap door was opened (end of test) and one to
three seconds later the oscillographs were turned off.

(8) The inlet and exhaust pressure data were read from manometers and
manually recorded.

(9) When required, the smoke gun was activated and photographs taken before
either returning to step (4) for the next run or shutting down the test stand.

(10) Visual observations (tufts and smoke) and any unusual occurrences were
logged.

11




RESULTS AND DISCUSSION

The results presented herein provide information on the effect of wind on ITR and
the recirculating flow field as well as an asgsessment of the effect of model scale on
measured values of ITR. The results are based on values of ITR and AT calculated
from temperatures measured after steady state conditions had been achieved.

Presentation of Results

During the course of this program, observations and measurements were made
which led to results of general interest. These, even though important, are presented
in the Appendices B, C, and D in order to maintain simplicity and conciseness in the
body of this report. Reference is made to these results at pertinent places in the text.

The Pod (cire) and Dual (circ) Model test resulis are discussed first. The effect
of wind on the recirculating flow field is followed by a discussion .of the effect of wind
on ITR. These results should be considered as extensions to the Reference 2 results.

The scaled NASA model test results are discussed next. A discussion of the

recirculating flow field is followed by one concerning wind and scale effects on ITR.
In addition to assessing scale effects, these results are an extension to Reference 3.

12




The results are presented in the following figures:

Pod (circ) and Dual (cire) Models. =

Figure
Flow Field:
General flow field elements : 13
Effect of wind on reinforced ground jet 14
Radial extent of ground jet 15
AT distribution above dual model 16
Fountain instability 17
Wind Effects:
ITR vs. wind speed 18,24
ITR vs. 8 19
ITR vs. h/Dg 20, 25
ITR vs. EDA 21, 26
ITR vs. o4 22,27
ITR vs. length along pod model 23
Scaled NASA Model. -
Flow Field:
Effect of wind on recirculation 28
Smoke flow pattern photographs 29, 31, 32, 33
Radial extent of ground jet 30
Fuselage and wing temperature ratios 34, 356, 36, 37
Wind and Scale Effects:
ITR vs. Vo, for top inlet configuration, S/S; = 43 38
ITR vs. Voo for top inlet configuration, S/ S; = 86 39
ITR' vs. Vg for side inlet configuration, S/ Sj =43 40
ITR vs. Vg for side inlet configuration, S/Sj - 86 41
Av ITR vs. V_, for side inlet configuration, 6 =0° 42
Av ITR vs. V for top inlet configuration, 6 = 0° 43
Large scale Av ITR vs. small scale Av ITR 44
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Pod (circ) and Dual (cire) Models
Flow field. - The various elements of the flow field for the Dual (circ) Model
which have been described in detail in reference 2 are illustrated in Figure 13. Obser-
vations made during this present study are discussed in this section to provide more
insight into the effects of wind on these elements and to lend a better understanding to
the ITR data which follows.

The reinforced ground jets (item c in Figure 13) strongly influence ITR. Figure
14 schematically illustrates how the wind peels these reinforced ground jets from the
ground plane and directs the hot gases back toward the model. By observation of the
smoke flow pattern, the turning radius (r) of the peeled jet and hence the height of the
peeled exhaust gas above the ground board was found to be an inverse function of the
wind speed. Also noted was, that at sufficiently high wind speeds, this radius of turn
was small enough to allow entrainment of the peeled gases in the ground jet and cause
the formation of an eddy at the peeling point. Although the peeling point Radius (R)
for the dual (circ) model was found to vary inversely with wind speed it was relatively
independent of wind direction (6). See Figure 15.. Extrapolation to zero speed agrees
well with the data presented in Reference 2. It can be seen (Figure 15) that the peeling
point was relatively close to the pod (circ) model and was independent of V., . This
variance between the pod and dual models suggests that exhaust arrangement has a
. large effect on the distance from the model at which peeling will occur.

The effect of wind azimuth (8) on the direction of the peeled exhaust gases subse-
quent to peeling was clearly evident from smoke observations. For the case of 8 = -30°
or-60°, the exhaust gases peeled from the reinforced ground jet were blown toward the
downstream engine inlet. This effect was visible for both models but was more pro-
nounced for the dual (circ) model. The distribution of temperatures in the field 6 inches
above the model are shown in Figure 16. The temperatures directly above the inlets
are essentially equal to the ITR values at each inlet. The field temperatures respond
to wind direction in the same fashion as ITR.

The phenomenon of fountain instability (first observed in Reference 2) was
observed for the wing off case of the dual (circ) model. Smoke injected into the region
approximately 6 inches above the inlet plane was seen to be drawn by each inlet alter-
nately in a random fluctuating manner. Figure 17 is a tracing of the electrical average
channels from oscillograph records and clearly describes this phenomenon. This data
is for the dual (circ) model, wing off, h/dg = 2, V, =11 ft/sec, and 0 = 0°. It can
be seen that one or the other engines experiences excessive levels of TTR even though
the other engine ITR may be relatively low. This problem should be considered by the
designer whenever engine inlet placement does not provide the benefit of blockage by
the wing or other aircraft surfaces. In addition, Figure 17 reveals that the average
of the ITR for Engine No. 1 and No. 2 is approximately the same whether the engines
are experiencing different or the same levels of ingestion. This fact is used in the

14



. analysis of data which is characterized by fountain instability. The rahdom fluctuations
and very short duration of equal ITR is easily understood when it is realized how criti-
cal the balance between Y, , 9, and ground jet velocity (not to mention outside influences
such as random wind) must be to maintain stability (flow symmetry) in the region between
the two engines.

Wind Effects, Pod (circ) Model. - Levels of ingestion resulting from variations
of V., , h/Dg, EDA, X, and 8 are shown in Figures 18 through 22 for the pod (circ)
model with the S/ S; = 100 wing in place. Each figure is divided into four blocks of infor-
mation. The three blocks showing the ITR for inlets A, B, and C of both engines No. 1
and No. 2 are based on inlet tube temperatures which were shown to be representative
of the inlet temperatures (Appendix B). The block showing a comparison between inlets
A and B of Engine No. 1 are based on electrically averaged values.

Wind speed and direction: ITR increases with wind speed to a peak value of 70°F
at approximately 30 ft/sec and then decreases. See Figure 18. The upstream inlets
experience the highest ITR. ITR decreases as 6 increases. The downstream engine
which is in the path of the recirculating hot gases because of the distortion of the major
reinforced ground jet and attendant peeling, experiences the highest ITR for 8 = -30°
and -60°. Figure 19 presents the variation of ITR with wind direction at wind speeds
which result in maximum ITR for exhaust deflection angles of 0°, 10°, and 20°. ITR
decreases with increasing 6 and increasing EDA.

Model height: Figure 20 shows the variation of ITR with height above the ground
plane for exhaust deflection angles of 0°, 10°, and 20°. These data are for the wind
speed which resulted in maximum ITR so that the worst condition might be examined.
A maximum ITR of 107°F was measured at h/De = 1 at EDA = 0°. ITR in general
decreases with height. However, this trend is modified for EDA = 10° in that ITR
increases to a peak value at h/Dg &2 3 and then decreases.

EDA and angle of attack: Figures 20 and 21 show that ITR reduces with EDA to
nearly zero at EDA = 20°, and Figure 22 shows that positive angles of attack have a
relatively small effect on ITR for wind speeds which result in maximum ITR at 8 = 0°,
For 8 = -30°, ITR increases to 2 maximum value at ol = 5° and decreases for ol > 5°.

Inlet temperature distribution: The temperature distribution along the length of
the engine pods is shown in Figure 23 for wind directions of 0° and -30° at wind speeds
which result in maximum ITR. The upstream inlets and the downstream engine ex-
perience the greatest ITR. Temperature variations up to 25°F exist at the inlet face
of each inlet. It is seen that the electrical average and inlet tube thermocouples
(Figure 6) give a good representation of the average ITR at each inlet (see Appendix B).
The field temperatures 6 inches above inlet B of both engines are only slightly lower
than the average ITR at those inlets, indicating the presence of relatively high temper-
ature gases in a region above the model. These data, along with visual observations,
substantiate the downward flowing mass of air which was depicted above the model in
Figure 13.
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/ Wind Effects, Dual (circ) Model. - The effects of wind, height, exhaust deflection
,angle, angle of attack and wing on ITR (based on electrical average) are presented in
Figures 24 through 27 for both engines of the Dual (circ) Model. The data at the top of
all these figures depict the wing off case, while the data at the bottom present ITR for
the wing on case (S/Sj = 100). The effect of wind direction (0) is also shown.

Since the relatively large scatter of the wing off data was the result of fountain
instability (see discussion in previous section and Figure 17), curves were faired through
. the 8 = 0° wing off data points by averaging the engine 1 and engine 2 results. The
presence of a wing effectively suppresses the effects of fountain instability on ITR and
the repeatability of results is greatly improved. See Appendix B.

Wind speed and direction, wing on: As shown in Figure 24, ITR generally in-
creases with wind speed to a maximum value at 30 fps (8 = 0°) and then decreases.
The wind speed at which maximum ITR occurs reduces with increasing wind direction
angle., ITR decreases with increasing 0 and the downstream engine experiences the
highest ingestion. The modification of Reference 2 data shown on Figure 24 indicates
an average ITR value of engine No. 1 and No. 2 instead of the published maximum value.

Model height: A general reduction in ITR with increasing height is indicated from
the data in Figure 25.

EDA and angle of attack: In the presence of a wing the maximum ITR is reduced
by deflecting the exhausts outboard as indicated in Figure 26. The greatest ITR reduc-
tion resulting from EDA is achieved at 8 = 0° and as expected, there is no appreciable
difference in ITR between engines 1 and 2. When no wing is present, ITR is relatively
independent of EDA for both engines at 8 = 0° and for the upstream engine when 8 = -30°
and -60°. EDA results in an ITR decrease for engine No. 2 at 8 = -30° and -60°.
Positive angles of attack up to 10 degrees have only a relatively small effect on ITR
as evidenced by the data in Figure 27.

Wing effect: The presence of a wing generally results in reduced ITR except
for winds greater than 20 fps at® = 0°, See Figures 24 through 27. At6 = 0°,
the maximum ITR is about 40°F at V about 30 fps. See Figure 23.

Scaled NASA Model

Flow field. - A scaled representation of the effect of wind on the flow field about .
the NASA model based on smoke and tuft observations and temperature data is presented
in Figure 28. The flow field is characterized by four mutually perpendicular reinforced
ground jets formed by the mutual interaction of the four exhausts with the ground plane,
and by ground jet peeling and the formation of two trapped vortices or "eddies'; one at
the peeling point of the ground jet (i) and the other under the wing (j). The smoke flow
pattern photographs in Figure 29 show several examples of ground jet peeling and the
presence of eddy "i" and "j'" . Eddy "i" is similar to that encountered with the Pod and
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Dual (circ) models. See Figure 14. The approximate distance (R) of the peeling line
from the center of the exhaust pattern was determined from smoke observations and is
presented in Figure 30 as a function of wind speed and direction. It is noted in passing
that for all wind speeds and direction the auxiliary ground board was large enough to
accommodate the peeling point and that the peeling point was always located upstream
of the exhaust impingement points.

Smoke issued from a position above the model (top inlet configuration) during wind
off conditions was observed flowing downward and being entrained by the exhaust jets.
Tufts on the upper surface of the wing were also pulled by the entraining action of the
jet exhaust except in the immediate vicinity of the inlets. The entrainment strength of
the exhaust became less pronounced with increasing model height above the ground. At
moderate heights (h/D, = 3), the increasing influence of the inlet sink was evident as
shown in Figure 31 where it can be seen that even those wool tufts placed at the leading
edges and tips of the wing are pulled by the inlets. Although not presented herein, at
an h/ D, of 5, even more influence was seen to be exerted on the tufts by the inlets.

At low to moderate wind speeds (15 < Vo< 30), the relatively high temperature
gases of the reinforced ground jet were found to peel at sufficient distance from the
model (R) such that the wing did not serve to trap or channel the peeled gases. See
Figure 32. Here, the peeled gases of the reinforced ground jet were forced to flow

“back toward the model and were ingested by the inlets and entrained by the exhaust jets.
It was also observed that at these speeds the inlet sinks controlled the behavior of the
tufts on the upper surface of the wing. At speed in excess of 30 fps the predominance
of the inlet sink effect decreased and the influence of the free stream controlled the
recirculation patterns over the top of the wing. The tuft photographs in Figure 33
illustrate this change in the flow pattern over the wing for wind speeds greater than
30 fps. The ground jet gases were peeled in a tight radius (r) and subsequently
entrained by the exhaust jets for V,,,>>30 fps. These photographs illustrate. why ITR
decreased for wind speeds in excess of approximately 30 fps. These flow field
characteristics suggest that the ground jet is blown back under the model for those
higher wind speeds which result in formation of eddies such as "i" in Figure 28.

Additional information on the behavior of the flow field was obtained from temper-
atures measured near the under-surfaces of the wing and fuselage. These data provided
insight into regions of the flow field where high jet velocities precluded the use of smoke
visualization techniques. .

The variation with wind speed of temperatures measured near the fuselage under-
surface in the vicinity of the "fountain' is shown in Figure 34. The temperatures have
been nondimensionalized to the actual exhaust gas temperature (T; = 1200°F). The
fountain temperatures are excessive and should be considered when selecting fuselage
skin material in design of Jet V/STOL. These data also show that inlet location and
wing size have a negligible effect on fountain temperature, but that wind speed, direction
and exhaust arrangement are important. At h/D, = 3, fountain *emperatures gradually
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decrease with increasing wind speeds for 8 = 0° and 90°. A rapid reduction in fountain
temperatures occurs for V, 2> 25 fps at 6 45°, These data further confirm the
deduction that the hot exhaust gases in the ground jets are blown back under the model
when the energy of the ground jet and V, are such as to promote peeling and the forma-
tion of eddy "i". See Figure 28.

The variation of fuselage undersurface temperatures with h/Dg is shown in Figure
35 for zero wind conditions. It is seen that the effect of the fountain on the fuselage re-
duces rapidly with h/Dg. At h/Dg = 5, the fountain gases no longer heat the bottom of
the fuselage, which suggests that the fountain energy has been nearly dissipated at this
height. Figure 35 also indicates that inlet location and wing size do not influence the
fountain for all model heights tested.

Figure 36 shows that the temperature of the air underneath the wing varies with
wind speed and direction in the same fashion as did the fuselage temperatures. This
can be explained by the fact that the ground jet is peeled from the ground plane and hot
exhaust gases are blown back under the model (even beneath the level of the wing under-
surface). The fact that these temperatures are so high (the order of 300°F above
ambient) indicates that hot fountain gases are being trapped under the wing. The obser-
vance of the eddy "j'" and tuft pictures (Figures 28 and 31), and the low wing tip temper-
ature indicate that the hot fountain gases did not flow outboard but were rather redirected
.in the vicinity of the root chord. These fountain gases were then entrained by the gen-
eral recirculation patterns about the model. The decay of the wing temperatures to
essentially zero at h/D, = 5 (Figure 37) indicate that fountain heating effects become
minimal at h/De’A—’ 5, and infer that the aerodyhamic influences of the fountain can be
expected to become small for h/D, > 5.

Wind and scale effects. - Large and small scale ITR is presented in Figures 38
through41 versus wind speed for both the top inlet and side inlet configurations. In-
cluded are the effects of ground height (h/D,), wing size (S/Sj) and wind direction (6 ).
The small scale ITR values were calculated from measurements made after
steady state conditions were achieved, and represent the average ITR at each inlet.
Electrical average values were used for inlets 1 and 4 of the top inlet configuration.
Data points and curves from preliminary NASA, Langley large scale test results are
superimposed to show comparison between large and small scale test results. Account
is made for the fact that the large scale ITR data was obtained for variations in wind
direction )4/ (Reference 3), where 8 = —}4. The reader is cautioned to consider the
inlet numbering scheme and remember that 6 = —)4 when comparing the data
presented herein with that in Reference 3.

Wind velocity: The small scale test results indicate a general increase in ITR
with increasing headwinds to a peak value at between 20 and 40 fps for the top inlets
and from 10 to 30 fps for the side inlets. ITR decreases for further increase in head-
winds. This can be explained by the fact that the peeled ground jets are blown back
under the model (not near the inlets) for wind speeds greater than approximately 30 fps.

18




Due to the rectangular quadrate exhaust arrangement and the resulting summetri-
cal reinforced ground flow jets, the ITR at 0 = 0° is generally not significantly different
than the ITR at 8 = 90° for the top inlets configuration. This, surprisingly enough was
also observed for the side inlets at h/Dg = 1.6. At greater heights (h/De = 3 and 5).the
expected result, i.e. ITR at § = 0° is greater than ITR at 6 = 90° was observed for the
side inlet configuration.

The upstream inlets of the top inlet configuration ingested hotter gases than the
downstream inlets, i.e., inlets 1 and 2 had the highest ITR for headwinds (8 = 0), inlet 2
had the highest ITR when @ = 45°, and inlets 2 and 4 had the highest ITR when 8 =90°.

Wing Area: Comparing the small scale test results in Figure 38 with those in
Figure 39 shows that for top inlets at h/Dg = 3 increased wing area resulted in reduced
ITR at 6 = 0°, while wing area had essentially no effect on ITR at 8 = 45° and 90°,
For the side inlet configuration, both the large and small scale test results shown in
Figure 40 indicate that wing size had no significant effect on ITR for all conditions of
wind speed, direction and h/Dg.

Model height: The small scale test r¢sults in Figures 38 and 40 indicate that the
effect of h/Dg on ITR changes with increasing wind speed. For top inlets and zero winds
the intermediate height (h/De = 3) generally results in the highest ITR and h/Dg = 5
_results in the lowest ITR at every inlet. This trend of ITR with h/Dg is maintained for
headwinds up to approximately 30 fps. At higher wind speeds ITR varies inversely with
h/ Dg. These same observations may be made of the large scale ITR results, and not
withstanding the limited range of wind speeds tested, may also be generally made (both
large and small scale) of the 8 =45° and 8 = 90° wind direction cases.

For side inlets and zero wind speeds, ITR varies inversely with h/ Dg. This
trend of ITR with h/Dg is maintained with very few exceptions for all wind speeds and
directions for both wing sizes (S/Sj = 43 and 86) and for both large scale and small
scale test results. This result for the side inlet configuration was expected because
the inlets were located near the high temperature reinforced groundjet and were un-
protected by any wing surface.

Scale effects: ITR scale effects have been obtained by comparing large and
small scale data. The data were examined for similarity in trends and general con-
clusions and then were analyzed in more detail to determine a scale factor. These
comparisons are discussed in the following.

Large and small scale ITR is presented versus wind speed in Figures 38 through
41 for various wind directions and model heights. It can be seen that trends of ITR
with Vo , ® , h/Dg, S/Sj and inlet location are generally the same for large and
small scale. In those instances where small scale trends apparently differ from large
scale (generally 0 = 45° and 90°), an insufficient amount of large scale data was
available for comparison.
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It is important to mention that four of the five pertinent conclusions published in
Reference 3 were reached by independently examining the small scale results. The
exception, which is of little consequence to the designer, was that full scale tests indi-
cated that "with headwinds greater than about 30 knots (50 fps) the hot-gas ingestion was
virtually eliminated". The small scale data indicated that relatively significant (however
less than the maximum) levels of ingestion (40°F) persisted in some cases at these high
wind speeds.

Especially good agreement in ITR magnitude was found most often for tests at
h/Dg = 3 and 5, and for wind speeds up to 30 fps. See Figures 38 through 41. The
agreement for the side inlet configuration was generally better than the top inlet con-
figuration, and for both configurations the large wing(S/Sj = 86) resulted in better
agreement than the small wing.

A summary of comparisons between large and small scale data is presented in
Table I. Here the comparative agreement is presented in qualitative terms; excellent
(E), good (G), fair (F), and poor (P), and reflect ITR agreements within 20°F over 1/3,
2/3, and the entire wind speed range. If the absolute difference between large and small
scale ITR is greater than 20°F, the agreement is marked poor. To further illustrate
the generally good agreement between large and small scale ITR results, the average
ITR values (arithmetic average of ITR at each inlet) are presented in Figures 42 and 43
for both configurations and both wing sizes. This method of comparison provides a
measure of total configuration ITR scale effects. Generally good agreement exists for
headwinds up to approximately 30 fps especially for h/Dg = 3 and 5.

Because large and small scale data describe similar trends, conclusions, ITR
magnitude, and configuration effects, it may be concluded that small scale data may be
used by the V/STOL aircraft designer to assess gross design effects due to con-
figuration, h/ De' Vs 8, and S/Sj'

To assist in determining a small scale ITR scale factor, samples of both sets of
data were first reduced to a comparable basis for comparison. The basis used was the
velocity parameter Veo 2% rather than V_, , which was necessary to

Vi

account for the fact that the large s]cale exhaust conditions were dependent on ITR
because an actual jet engine was used and thus a "closed loop" test condition existed.
As a result, the large scale ITR data was collected at changing jet exhaust conditions
(jet velocity and temperature). The velocity parameter improved the agreement
between the large and small scale data over the range of velocities tested, however the
improvement was slight, and deemed to be within the "noise level" of the combined
test results. Therefore, the empirical correlations presented herein were based on
Voo rather than the more precise velocity parameter.

Large scale ITR was plotted versus small scale ITR. Due to the many inter-
dependent variables (V , h/ Do, 90, S/ Sj and configuration) many plots were required
where one, two or three variables were held fixed while the others were allowed to vary.
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The ITR data did not neatly collapse on a one to one correlation line, and an example

of the only significant trends which resulted is shown in Figure 44, where configuration,
wind direction and wing size are held constant while wind speed and model height are
allowed to vary. Second order curves were faired through the data points (note that

the accuracy of the combined large and small scale data is approximately +10°F) and

it can be seen that for levels of ingestion within practical design limits (ITR & 40°F)
the small scale ITR scale factor for top inlets is approximately 1.0 for 20 { Vo, & 35
ips, greater than 1.0 for Voy & 20 fps andless than 1.0 for Vi, > 35 fps for side
inlets, the scale factor is approximately 1.0 for Vy, & 30 fps and less than 1.0 for

Vo > 30 fps.

It is difficult, at this time, to rationalize the observed variation of scale factor
with wind speed, however, since the highest levels of ingestion occurred at 10 & Vi, £30
where the scale factor is nearly one it may be concluded that small scale test data may
be used to directly predict full scale ingestion for the purpose of assessing gross effects
for design.
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CONCLUSIONS

Small scale hot gas recirculation studies conducted at the Bell Aerosystems Jet
Impingement Test Facility have indicated the following conclusions:

1. The hot exhaust gases are redirected by ground winds and the reinforced
ground jets have a predominant influence on ingestion for ground winds up to 30 fps.

a. For top inlet configurations, hot gases drawn from the field
above the model contribute to ITR.

b. For wind speeds in excess of approximately 30 fps most of
the hot exhaust gases are blown back underneath the model
and result in reduced ITR.

c. Inlets located upstream to the relative wind experience the
highest ingestion.

2. The effect of fountain instability on ITR is generally suppressed by ground
winds, except when a reinforced ground jet propogates directly into the wind.

a. The effect of fountain instability on ITR is effectively damped
by the presence of a wing.

b. Fountain effects (especially fuselage surface heating) become
small at a model height of approximately 5 equivalent diameters.

c. Fountain characteristics are determined by exhaust arrange-
ment, and are independent of wing size and inlet location.

3. Geometric variations such as increased height above ground, increased wing
area, proper inlet location and exhaust arrangement, increased outward exhaust
deflection and proper wind heading all result in reduced levels of ITR.

4. Small scale ITR data based on full scale exhaust conditions may be used to
assess full scale ITR trends due to configuration, h/ Dgs Vo 5 85 and S/S and the
results may be used to assess gross design effects.

5. For levels of ingestion within practical design limits (ITR <40°F) the small
scale ITR scale factor for top inlets is approximately 1.0 for 20 € Vo, &£ 35 fps,
greater than 1.0 for Voo <€ 20 fps and less than 1.0 for Vg, > 35 fps for side inlets, the
scale factor is approximately 1.0 for Vo, < 30 fps and less than 1.0 for Vg > 30 fps.
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TABLE I
COMPARISON OF LARGE AND SMALL SCALE ITR DATA

TOP INLET CONFIGURATION

COMPARISON RATING

FIigRE S/Sj h/De DgG INLET NUMBER
. 1 2 3 4
38 (a) | 43 1.2 0 F 2 F G
38 (b) 43 1.2 45 F P P P
38 (c) | 43 1.2 90 F P F F
38 (a) | 43 3 0 P G E G
38 (b) 43 3 45 P P G G
38 (c¢) 43 3 90 P F E E
38 (a) 43 5 0 F F F F
38 (b) 43 5 45 P P E E
38 (c) | 43 5 90 E P G P
39 (2) 86 3 0 G G E E
39 (b) 86 3 45 p P F F
39 (c) 86 3 90 F F F F
SIDE INLET CONFIGURATION
COMPARISON
FIGURE | S/8, h/D 6 RATING
NO. L e | DEG. INLET NO.
1 2
40 (2) | 43 1.6 0 G G
40 (by | 43 1.6 45 G p
40 (c) | 43 1.6 90 E F
40 (a) | 43 3 0 F F
40 (b) | 43 3 45 E E
40 (c) | 43 3 90 F G
40 (a) | 43 5 0 E E
40 (b) 43 5 45 E E
40 (c) | 43 5 90 E E
41 (a) | 86 1.6 0 G P
41 (b) | 86 1.6 45 N/A N/A
41 (c) | 86 1.6 90 F F
LEGEND
P - Poor
F - Fair, Within 20°F Over 1/3 Voo Range
G - Good, Within 20°F Over 2/3 Voo Range
E - Excellent, Within 20°F Over Entire Voo Range
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Figure 29. - Examples of Ground Jet Peeling.
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Figure 29, - Concluded.
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Figure 30. - Variation Of Ground Jet Peeling Radius With V , For Scaled NASA Model.



DOTTED AREAS INDICATE FLOW DOWNWARD,
]

Figure 31. - Wing Upper Surface Flow Characteristics of Top Inlet Configuration.
h/De =8, Vo =0, s/sj = 86,

65



99

. PEELING AND REDIRECTION OF
.. '{ RADIAL FLOWING GROUND JET

—

SMOKE ISSUED ’ | SMOKE ISSUED AT
UPSTREAM AT ! GROUND PLANE LEVEL
GROUND PLANE LEVEL £ . —

; ‘ . : " PEELING POINT
L 7 o - APPROX. 24 IN, FROM ¢,
LOCATION OF e : : ; ! _ !
: (R = 65 IN.)
REINFORCED GROUND JET —

PEFLING OF REINFORCED GROUND JET LOCATION OF { X
(COMPARE WITH FIGURE 29 FOR EFFECT OF VOO) REINFORCED GROUND JET I .

Side Inlets, Von = 26 FPS,

Top Inlets, Voo = 24 FPS,
9 =90° 6 = 90°

PEELING OF RADIAL GROUND JET
AND INLET INGESTION

Side Inlets, Vo, = 23 FPS,

6 = 45°

Figure 32. - Examples of Recirculation From the Peeled Ground Jets.

S/Sj =43, h/De = 3.



EFFECT OF MODERATE WIP\D SPEED ON DIRECTION El- FECT OF HIGH WIND GPI- I- D ON DIRECTION OF
WING UPPER 5U .
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(a) Wing Upper Surface Tufts

Figure 33. - Effect of High Wind Speed On Recirculation Flow
Characteristics of Top Inlet Configuration .
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Figure 33, - Concluded.
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APPENDIX A

THEORETICAL ANALYSIS OF SCALE EFFECTS

LIST OF SYMBOLS

Force coefficient

Q

Cj Specific heat at constant pressure, BTU/ (lbm)(°F)

D Diameter, ft

f Function

F Force, 1b

g Acceleration due to gravity, ft/ sec2

h Nozzle height above ground, ft

k Thermal conductivity, BTU/(hr)(Sq ft)(°F/ft)

n Experimentally determined constant

Pr Prandtl Number

r Radius, ft

Re Reynolds Number

t time, seconds

T Temperature, °R

v Velocity, ft/sec

vy Lateral spacing between engines, ft
Greek :

)0 Bulk coefficient of thermal expansion, 1/°R

Jo Density, slugs/ft3

A Scale factor

,L(, Absolute viscosity, Iby (hr)/(ft)2
Subscripts:

Ambient
b Buoyancy
f full scale
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Subscripts:

APPENDIX A (CONT)

hot flow field gas.
inlet, induced
jet exit

model
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HOT GAS INGESTION SCALING PARAMETERS_

An analysis is made to evolve the various dimensionless terms from the para-
meters influencing the inlet temperature rise phenomena so that these correlating
parameters may be used when simulating full scale conditions by model tests. As a
first step, the problem is restricted to the still air condition and the effect of surface

winds on the inlet temperature rise is ignored.

Assume the inlet temperature will depend upon the following variables:

Ti = f [ Vjs sz Tjs Djs pas Ta’ (Tj-Ta)’ﬁ’ gs h, y, t’#j’ kj’ ijv# a’ k

1

a’ %P |
-

. ~=(1)

The dependence of the temperature at any point in the flow field on jet exit velocity,
density, total temperature, and diameter of the jet is evident from considerations of
the jet mass flow rate and the thermal energy contained in the jet. The ambient air
density and temperature values are changed due to the spreading and mixing of the
heated jet with cool air. The temperature difference, the thermal volume expansion of
the exhaust gases, and the acceleration due to gravity are important in assessing any
buoyancy effect. The vertical distance of the jet exit from the ground, the lateral
spacing between jets and the time also affect the temperature at the inlet. The effects
of the coefficient of viscosity, heat conductivity and the specific heat on the inlet
temperature are expected to be less significant since the momentum and heat trans-
ports are due to turbulent mixing and these far outweigh any molecular transport effects.

Using the TT theorem, Equation (1) may be rearranged as

T, T, 0. T v?
i - ¢ R ., i , i i i
(Tj—Ta) 1 e (Tj—Ta) ,()2L T, g cpj (Tj -T,)
2
V. tv, u k
] h ¥y _d p 2 a
T.-T ) D, D, D, D, ' "r° . ko
g/G( i 2 i i i i i 'uJ i

’ ﬁ (Tj_Ta)’

—-(2)

where Rej is the Reynolds number of the jet and Prj is the Prandtl number of the jet.

Assume the following parameters can be simulated between model and full-

scale tests:

R R A N /ST

m Ig Pim Pjg m I
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Where the subscripts m and f denote model and full-scale respectively. Also assume
the ambient conditions for the model and full scale are the same. Then for geometri-
cally similar conditions, the inlet temperature will depend upon.

T, tv, V.2 V.2
—1 - o —1 Re. - i 1
T.-T 1 D, ’ i’ T.-T_)D. ’ cp, (T.~T
(T;=T,) ] i’ g B(TT,)D, g op; (T;=T,)
| --~(3)
The ratio, tVj » represents the time scaling parameter which may assume
D .

importance in transfilent conditions, such as the lift-off from the ground plane or the
sudden opening of the hot jet and the progress of the hot gas front across the ground.
In order to simulate full scale time on model tests, this ratio should be the same for
model and full scale tests.

The simulation parameter, Rej ,» represents the ratio of inertia to viscous forces

of the jet. In Model tests the jet flow is usually turbulent as it would be in full scale
tests, and therefore the effect of Rej on the scaling of inlet temperature is expected to
be small.

The relative importance of the remaining two non-dimensional terms in Equation
(3) is best understood by considering the mechanism of the hot gas ingestion phenomenon
of a single jet and a multi-jet configuration separately. The reason for this arises
because of the fact that the two non-dimensional numbers cannot be maintained simul-
taneously the same for model and full scale tests.

Single Jet Case

2

1
T.-T ) D,
g3 (TyT,) D
jet kinetic energy per unit mass to the buoyant forces in a fluid. Cox and Abbott
(Reference 4) have shown that a more suitable parameter for correlating experimental

data for a single jet case is

The parameter, » in equation (3) represents the ratio of the

v2 T "
a

]
gf3 (T;~T,) D, T,

The reasons for the choice of exponents and proof of their use in scaling inlet temper-
ature rise from model tests are not clear.

For a single jet, the hot exhaust gas from the nozzle impinges on the ground
plane and spreads radially. The ground jet entrains air similar to a free jet, and mixes
with the ambient cool air. The maximum dynamic pressure of the spreading flow is
proportional to the jet dynamic pressure at the nozzle exit and varies inversely with
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the square of the radious. According to Cox, at some radial distance from the jet
impingement point, the flow separates from the ground when the pressure difference
between ambient pressure and local surface static pressure exceeds a certain fraction
of the local maximum dynamic pressure in the spreading jet. The variation of ground
flow separation radius with Cox's correlating parameter is found to be linear. For
geometrically similar conditions the separation radious is independent of scale effect
if Cox's parameter is held the same for model and full scale tests.

When the hot gases separate and leave the ground they are influenced by two
forces, buoyancy and the induced force due to the inlet and entrainment in the ground
jet. If we consider an element of rising hot gas of density /OH with dimension r,

I

the buoyant force F

3
b (pa_pH)gr'

3
F T -
or ~ T (H T

b A)

- (4)

The induced force, F; = CF 1/2 ’DaViz r2 where the induced velocity, Vi, is a

function of the flow field and Cy is a constant. If the whole flow field is represented
by line sinks, the induced velocity at any point will be a function of the strengths of
these sinks and the location of the point from these sinks. Neglecting the effects of
ground entrainment and assuming equal inlet and exhaust mass flow through the nozzle,

2
D, V.
Vi ~ pj/pa __.J__J_2
T

where rq is the radius of the point under consideration from the nozzle inlet. Then

4_2

2 D, V, 2

F, P, (RYP,) _lTl_ r
"1 ~==(5)

Therefore,
F r (T, -T)

Fb —~ . 2a 4 2 r14

i P, (PP, DV, ——=(6)
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T. = Tj , pj =pjm,a.nd paf =pam » Here ,{ is

a scale factor. For equally scaled points away from the inlet of full scale and model,

b _ t Ca Ty
il F/F) 'm (T Ta)m —==(T)

From the fo. :going approximate analysis, it appears that the ingestion of the hot gas
into the inlet depends on the scale of the eddies separating from the ground and the
temperature differences of the hot elemental gas with the ambient air. Further
experiments are needed to understand the energy transport and mixing phenomenon

of the hot gases with the ambient air. The size and shape of the eddies breaking from
the ground, the velocity of rising hot gas element, the height above ground and the path
traced by the hot gases before arriving at the inlet are to be measured in the tests.

Two Jet Configuration

The flow field of a two jet configuration differs from the single jet case in some
respects; the normal impinging jets spread radialiy and form a 'fountain' of hot gas in
between the jets. There is very little experimental data regarding the flow character~
istics of the 'fountain'. The far fields of the two ground jets are similar to that of a
single jet case. Tests show that the inlet temperature rise for the two jet case is higher
and more severe than the single jet. In the two jet case the total ingestion of hot gases
at each inlet should comprise of the 'fountain effect' and of the natural free convection
of the far field gases of each jet. No tests have been done so far to separate the inlet
temperature rise contribution due to these two effects.

The question arises whether the 'fountain effect' is a free or forced convection of
rising hot gases. If it is the latter, the non-dimensional number ij /g ﬂ (Tj'Ta)Dj in

Equation (3) need not be the same for the model and full scale tests. On the other hand

the parameter v 2 in Equation (3) may have greater influence on

j
C T.-T
6 Cp (YT

the ingestion phenomenon. This parameter represents the ratio of the kinetic energy
of the jet to the heat lost by the exhaust gases.
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In order to understand the process of hot gas ingestion in the two jet case, more
should be known of the fountain. The fountain height above the ground, the maximum
vertical velocity at fountain axis, the velocity decay along the axis of the fountain, and the
corresponding temperature distributions are expected to influence the ingestion process.
Even though the jet dynamic pressure in the near field of the jets is high in the formation
of the fountain the horizontal velocity components of the two ground jet are redirected and
form the reinforced ground jets as well as vertical velocity in the fountain. The magnitude
of this vertical velocity may give an indication whether the 'fountain effect’ is a free or
forced convection of rising hot gases.

Conclusions
It can be concluded that for the single jet case, the Cox criterion must be satisfied.

This implies that scale tests should not be conducted at Vj = Vj and Tj = Tj , but rather
m m f

f
2, 1/2 _ 1 2,. 1/2
[ v, /Tj (Tj—Ta)ﬁ] - =X [Vj /Tj (Tj—Ta)/G] .

It is not known whether this criterion is valid for multiple jet configurations
primarily because of the presence of the fountain.

Experimental data are needed to:
1. Isolate the effects on ITR due to the fountain, and the far field.
2. Determine the effect of exhaust mass flow and momentum on ITR scale effect.

3. Determine model to full scale correlation of ITR when the Cox criterion is satisfied,
and again when the forced convection criterion is satisfied.

4, Provide additional information pertaining to the characteristics of the fountain.
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APPENDIX B
Data Analysis

General. -~ During the course of this test program, all inlet temperature rise data
were permanently recorded as time histories on oscillographs. Temperature time
histories typical of the results obtained for the four models tested are shown in Figures
B-1 through B-4 in which, for the sake of clarity, selected channels of the maximum,
minimum and electrical average temperatures for the test have been shown. It may be
seen that actuation of the trap door provided a satisfactory definition of test start and
test end and that approximately 2 seconds was required to reach steady state.

The ITR quoted in this report are steady state values which were obtained from a
section of the oscillograph record where the thermocouple traces exhibited steady state
temperatures and where satisfactory values of test conditions (model pressures and
wind velocity) were indicated.

Accuracy of electrical average technique. - The special electrical averaging
circuits accurately represented the arithmetic average of the temperatures sensed by
all the thermocouples at each inlet as can be seen in Figure B-5. The seven sets of
data used in the figure were randomly selected from actual test runs and show an
average 5.2% deviation of the electrical average value from the arithmetic average.
It was concluded that the electrical average trace was indeed a good representation
of the average ITR at each inlet.

Pod (circ) model inlet tube temperatures. - The temperatures measured inside
the inlet tubes of the Pod (circ) model represent ITR at each inlet, as shown in Figure
B-6. This correlation negates the necessity for locating thermocouples in every inlet
and permits inlet tube temperatures to be used whenever ITR comparisons between
engine 1 and 2 or inlets A, B, and C are needed.

Repeatability. - During the course of this program, several tests were repeated.
The temperature data from these runs are shown in Table B-1. Here, it may be seen
that repeatability is good except when fountain instability was encountered for the dual
(cire) model. The high degree of repeatability is graphically presented in Figure B-7.
The accuracy of temperature measurements is seen to be approximately +5°F.
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TABLE B-1
REPEATABILITY

POD (CIRC) MODEL

001

TEMPERATURE - °F ABOVE AMBIENT

h/D |S/S. _ ELECTRICAL AV, |[INLET TUBES ~ ENG; NO. 1 |INLET TUBES - ENG. NO. 2
© j |(DEGH(FPS) (DEG INLET A |INLET B A B C A B C

3 100 0 40 0 60/57 40/42 66/59 52/39 40/26 34/33 65/71 51/51

3 100 0 45 | -30 | 16/13 3/6 16/11 0/3 0/0 23/20 48/48 33/34

3 100 | 10 40 0 - 43/50 - 31/27 - - 43/53

NOTES:
(1) Tabulated data shows temperatures from the first/repeat test

(2) (=) indicates thermocouple inoperative

DUAL (CIRC) MODEL
EDA o TEMPERATURE - “F ABOVE AMBIENT
h/De s/s. DED G ‘}CC;% DEG ELECTRICAL AV. FIELD THERMOCOUPLES
A )| ( at ) ENG.NO. 1[ENG.NO. 2 23 24 25 26 27
2 0 0 53 0| 16/24 12/23 14/22 14/20 69/73 16/20 14/24
2 100 20 32 0| 15/15 11/10 18/14 13/15 25/17 9/14 20/13
2 100 20 20 | -30 4/5 2/3 6/6 a/4 2/1 0/0 0/1
2 100 20 15 -60 0/3 1/7 0/5 0/3 0/5 1/5 1/4
2 0 20 22 -30 | 10/9 25/24 8/9 7/6 26/22 8/12 5/4
2 0 20 27 | -60 7/11 8/15 10/10 6/10 4/9 2/0 1/6
2 0 20 20 0| 36/32 41/19 | 21/11 29/20 87/65 33/16 13/7




TABLE B-1I (Concluded)
REPEATABILITY

| SCALED NASA MODEL - TOP INLET CONFIGURATION
‘ ’ TEMPERATURE - °F ABOVE AMBIENT

h/De S/Sj | Yoo o INLET NO. 1 INLET NO. 2 INLET NO. 3 INLET NO. 4

(FPS) (DEG) | [ ELEC. | } ELEC.

MIN | MAX | sy MIN | MAX | MIN | MAX | MIN | MAX | .y

86 36 0 37/40 | 53/53 46/39 32/23 43/47 | 32/31 44/35 34/33 | 40/30 | 33/34
86 53 0 24/25 | 33/32 26/23 25/22 28/27 | 22/21 26/25 18/16 | 23/22 | 22/18
43 26 90 22/29 | 25/32 22/28 32/317 31/33 | 25/28 26/34 26/32 | 25/29 | 26/27
43 21 0 40/46 | 86/82 43/42 45/44 |102/93 | 34/35 48/50 32/27 | 47/43 | 36/32

w 1w W
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SCALED NASA MODEL - SIDE INLET CONFIGURATION
TEMPERATURE - °F ABOVE AMBIENT
INLET NO. 1 INLET NO. 2

ELEC. ELEC.
AV. MIN MAX AV.

Voo | ©
h/D,_ s/sj (FPS) |(DEG)

MIN MAX

1.6 43 20 0 48/43 |242/241 | 83/81 42/39 |177/190{106/117
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APPENDIX C
Wind Effects

Ground plane boundary layer thickness. - The boundary layer on the auxiliary
ground plane was approximately 0.9 inches thick 3 feet from the ground plane leading
edge for a free stream velocity of 46 fps. The thickness was determined from velocity
measurements made with the hot wire anemometer located near the ground plane surface.
The thickness of the boundary during large scale tests in the NASA Langley 30 x 60 foot
wind tunnel was calculated to be 3.6 inches 12.5 feet from the ground board leading edge
for a free stream velocity of 50 fps. For a model linear scale factor of 0.24 calculation
shows that the small scale boundary layer thickness very closely represents (0.87 inches
actual, 0.9 inches required) the large scale conditions.

Effect of random wind on ITR transients. - When hot gas ingestion tests are
conducted out of doors the effects of random winds on ITR measurements must be con-
sidered. Reference 2 has shown that winds less than 2 fps do not significantly effect
ITR. During this present program, hot wire anemometry was used to assess in more
detail the effects of random winds on temperature measurements.,

Temperature time histories of 3 field thermocouples located above the Dual
(circ) model and the simultaneous time history of random wind speed and direction
are shown in Figures C-1 and C-2. These plots are typical of those encountered in
tests conducted during high random wind situations and show that the field temperatures
are directly influenced by random wind.

Median curves were faired through the rapidly fluctuating random wind traces to
permit a gross analysis of results. It is noted that variations in random wind speed
directly influence the temperature measured in the field above the model. The indicated
time phase lag between wind speed and temperature agrees with computed values based
on a mean wind speed over the distance between the hot wire anemometer and the field
thermocouples (approximately 6 feet).

It is noted that the data in Figures C-1 and C-2 were measured during high and
gusty wind conditions. These conditions were chosen so that the resulting high temper-
atures would provide a measure of temperature effects which would not be masked by
the noise level of the experiment. An analysis of the data shows (Figure C-3) that ITR
will increase approximately 2°F for every 1 fps increase of random wind speed. This
agrees with the Reference 2 conclusion alluded to above.

Since ITR data will generally not be more accurate than +5°F, it can be concluded
that outdoor tests may be conducted when random winds do not exceed 2 to 3 fps.
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APPENDIX D

Scaled NASA Model Exhaust Characteristics

Jet impingement angles ( J ). - Small exhaust impingement angles were found to
significantly affect ITR (Reference 9), therefore great care was taken to insure vertical
jets. Adjustments and measurements were made using a surveyors transit in conjunc-
tion with ground flow patterns and the servo positioned exhaust gas probe described in
the apparatus section of this report.

The photograph of Figure D-1 shows the ground flow pattern under the exhausts
of the NASA model. This oil and lampblack pattern was obtained for hot jets (Ty = 1200°F)
with exit pressure ratio of 1.7. The fuselage was removed to show the detail of exhaust
supply. The impingement points and reinforced ground jets are visible; the scribed
lines indicate the geometric center of the jet nozzles. Final adjustments resulted in
the impingement angles shown in Figure D-2.

Exhaust jet quality. - Figures D-3 and D-4 show the velocity and temperature
characteristics of the exhaust as well as the impact pressure decay rate (both com-
pressible and incompressible) along the jet axis for the NASA model. The velocity
and temperature profiles shown in Figure D-3 are for engine number 2 and are typical
of all the engine exhausts. From Figure D-4 it is seen that the small scale exhaust
pressure decay rate agrees quite well with the large scale NASA data.
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APPENDIX E

Effect of Inlet and Exhaust Flow Characteristics On ITR

Prior to using the scaled NASA model to obtain ITR data, a series of tests were
conducted at h/Dg = 1.2 and again at 8.0 to determine the sensitivity of ITR to variations
in inlet and exhaust flow characteristics. The top inlet configuration with S/ Sj = 86 was
used under zero wind conditions. The ITR under nominal inlet and exhaust conditions
(Tj = 1200°F, Proy/Phay = 1.7, Win/Wex = 1.0, Wi, = 2.1 lb/sec) was determined and
no significant change in ITR was measured when the following parameters were varied
independently over the ranges indicated:

Exhaust Gas Temperature, Tj 600°T to 1400°F
Exit Pressure Ratio, Pt/ Phar 1.4t01.8

Inlet to Exhaust Mass Flow Ratio, v'vin/ v'vex g tol.1

Inlet Mass Flow, v’vin 1.4 to 2.1 Ib/sec

This result indicated that:

(a) The ground jets propagated far from the model. They were not peeled
from the ground plane and directed back to the model inlet because V,, = 0.

(b) The hot "fountain" gases were effectively blocked by the large (S/ Sj = 86)
wing,

(c) The flow field was characterized by a downward flowing mass of relatively
cool air from above the model. Even at the low exit pressure ratios the exhaust flow
sink was of sufficient strength to maintain the flow field.

It should be noted that these tests indicated that ITR was independent of inlet
and exhaust conditions for this specific configuration only and for only V, = 0.
Similar tests at various V,, and @ for this and other configurations are required
to establish the dependence of ITR on inlet and exhaust ¢onditions.
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